Abstract-New instrumentation and calibration procedures for terahertz time-domain spectroscopic ellipsometry (THz-TDSE) are demonstrated. The THz-TDSE is capable of simultaneous measurement of two orthogonal components of reflected THz electric fields with no need to rotate a polarizer. In the calibration, the TDSE response function was obtained via the simultaneous polarization measurements reflected by a flat metal mirror, adapted in conventional THz time-domain reflection spectroscopy, and used here for THz-TDSE without the problems of position accuracy. The calibration could be used to determine accurate ellipsometric parameters with high tolerance of imperfect polarizer extinction ratios and of nonideality in the THz reflection components. Results are presented for an opaque Si wafer with heavy doping. The simultaneous measurements rejected significant common-mode noise from the laser, and it extended reliable THz spectra into the frequency range with a low dynamic range of a photoconductive-antenna THz source, which is a fundamental breakthrough for reflection-based measurements and overcomes the hurdle of phase uncertainty.
THz Time-Domain Spectroscopic Ellipsometry
With Simultaneous Measurements of Orthogonal Polarizations (THz-TDRS), which compares the relative amplitudes and phases of reflected THz waveforms from a sample with those from a reference. The reference is often a flat metal mirror. This method is straightforward, but the front surfaces of the reference and the sample must be positioned within a fraction of a micron in exactly the same location to obtain the accurate phase of the reflection. Such precise in situ positioning is difficult, although various methods have tried to overcome phase uncertainty [1] - [7] . Spectroscopic ellipsometry is a promising way to solve this problem [8] , [9] , and there have been attempts to establish THz time-domain spectroscopic ellipsometry (THz-TDSE) [10] - [17] . THz pulses with a known polarization state illuminate a sample, and the change in the polarization state after reflection is detected. In THz-TDSE, the reflected waveforms for the two orthogonal polarization components are detected coherently. By Fourier-transforming the time-domain waveforms into frequency-domain spectra, it is possible to directly compare the difference in the amplitude and phase between p-and s-polarized reflections and to extract ellipsometric parameters from the THz spectra.
In principle, THz-TDSE is self-referencing and can provide reliable spectroscopic information with high signal-to-noise ratios because source fluctuations are canceled out. The usual way to measure the p-and s-polarized components of a reflected THz wave is via the manual rotation of wire-grid polarizers (WGPs) [10] - [16] . Therefore, two sequential measurements have to be done in different time intervals. The spectra of ellipsometric parameters at a specific frequency point are extracted by the reflected complex amplitude ratio of p-to s-polarization at different times, which cannot remove the intensity and phase noise from the incident THz wave. The typically weak THz source in TDS systems results in a low dynamic range at the two ends of the frequency spectrum, which reduces the signal-to-noise ratios and significantly cuts down the frequency range of reliable spectroscopy. To overcome these problems, simultaneous detection of p-and s-polarized components in a single measurement is required. Simultaneous measurements of two polarization components have been proposed, such as high-speed mechanically rotating of a WGP [17] - [19] , an electro-optical crystal [20] or bias fields on air plasma [21] , multiple electrodes designing of photoconductive antennas (PCAs) [22] - [24] , splitting of THz beam or the circularly polarized probe laser pulses [25] - [27] , and polarization modulating of probe pulses [28] . Although these methods work well, specially designed components or devices are required. Recently, a double-modulation reflectiontype THz ellipsometer was constructed by combining the mechanical rotation of a WGP with a quadrature-phase detection method. This can directly determine two ellipsometric parameters in a single measurement [17] . Limited by the frequency range of the WGP, the reliable THz spectra ranged from 0.1 to 1.5 THz.
Here, we present a new instrumentation for THz ellipsometer, THz-TDSE with simultaneous measurements of orthogonal polarizations, which extends the reliable frequency range with a low dynamic range PCA THz source. In order to realize the simultaneous measurement of orthogonal polarizations, the method of splitting the circularly polarized probe laser pulses was employed [27] . This method made the apparatus capable of measuring orthogonal polarizations with very high extinction ratios without rotating the polarizer. In the calibration section, the response function of the TDSE was obtained through the reflection by a flat metal mirror, which was used to obtain accurate ellipsometric parameters. As a proof of principle demonstration, results were presented for an opaque, heavily doped Si wafer and highlighted the advanced potential of our THz-TDSE for reflection-based measurements.
II. EXPERIMENTAL SETUP
The optical layout of the THz-TDSE system is shown in Fig. 1(a) for simultaneous measurements of p-and spolarizations. A commercial Ti:sapphire laser (Coherent Vitesse, 800 nm, 100 fs, 80 MHz) was used as the excitation source. A 9:1 optical beam splitter divided the laser beam into the pump and probe beams, and THz pulses were generated by irradiating a PCA with the pump. The antenna was a broad-area, interdigital, photoconductive THz device (Batop Optoelectronics iPCA 21-05-1000-800-h) equipped with microlens array and a semiinsulating GaAs substrate. The antenna was oriented to generate an equal amplitude of s-and p-polarized THz waves, and a WGP was rotated to polarize the electric field 45
• further. The THz pulses were collimated and focused into the reflection module by off-axis PMs with 3-and 8-in effective focal lengths. The reflection module was similar to a periscope, for easy placement of the sample. As is shown in the inset, the sample was fixed to the holder by gravity, and THz pulses with an incident angle of 60
• were reflected from its surface. The beam spot at the focal point was about 5 mm. The reflected pulses were collimated and focused on the surface of a 0.5-mm-thick ZnTe (110) detection crystal. The probe pulses passed through a polarizer and a quarter-wave plate (λ/4) to become circularly polarized and were focused on the detection crystal. The probe pulses were, then, split by a 5:5 NPB into a detector for the X-polarized electric field (DX) and a detector for the Y-polarized electric field (DY). Each DX and DY had a half-wave plate (λ/2), a WP and a balanced detector. With different angles of the half-wave plates, DX and DY simultaneously measured THz waveforms with different polarizations.
III. SIMULTANEOUS POLARIZATION MEASUREMENTS
The differential signal from each balanced detector, which is proportional to the THz field amplitude, can be expressed as [29] follows:
(1) where L is the crystal length, ω the angular frequency of the probe beam, c the velocity of light in vacuum, n the refractive index of the ZnTe crystal for the probe beam, and r 41 the only nonzero coefficient of the electro-optical tensor of the cubic crystal, ZnTe with point group 43 m. The sum signal of each differential detector is S tot . As shown in Fig. 1(b) , the angles α and γ are that of the THz polarization and the fast axis of the half-wave plate (λ/2) relative to the 001 axis of ZnTe (110), respectively. The 001 and 110 orientations of the detection crystal are along the x-direction and the y-direction, respectively. From (1), the THz component along the y-direction could be measured when angle γ Y was 0, and half of the THz component along the x-direction could be measured when angle γ X was π/8. With the DY and DX detectors, THz waveforms along the y-and x-directions could be obtained simultaneously. Because of the simultaneous measurements, the common-mode noise from the pump laser was reduced, and its signal-to-noise ratio was improved in comparison with two sequential measurements.
The THz-TDSE required high orientation accuracies of the polarization devices for both incident THz and probe pulses. A perfect simultaneous measurement fully responds to Xpolarized THz pulses with the DX detector while blocking the Y-polarization with a high extinction ratio, and similarly for the DY detector. To check the high isolation of the DX and DY polarization responses to the linearly polarized electric field, two WGs were inserted into the THz beam between PM3 and PM4. The first WG (WG1) was close to PM3, and the second WG (WG2) was close to PM4. WG1 polarized the THz field along the 45
• direction, and the two orthogonal components were measured as WG2 was polarized along the x-direction and y-direction, respectively. Fig. 2(a) plots the waveforms obtained from the DX (red) and DY (blue) detectors when the field was along the x-direction. Fig. 2(c) is the Fourier transformation of the waveforms in Fig. 2(a) , and the peak amplitude ratio of DX to DY in the frequency domain is 29.4. Fig. 2(b) and (d) plots the analogous results when the field was along the y-direction. The peak amplitude ratio of DY to DX in Fig. 2(d) was 41.7. The very high peak amplitude ratios indicated that each component of the THz polarization could be measured with low crosstalk.
The polarization fidelity of the simultaneous measurements of the linearly polarized electric field was checked when WG1 polarized the field along the y-direction and WG2 was rotated to change the polarization with angle β. Fig. 1(c) shows the polarization state after WG1 and WG2. The theoretical relationship between the WG2 polarizer angle β and the two orthogonal THz electric fields was given by
where E WG1 was the electric field after WG1. By rotating WG2 in steps of 5
• , the peaks of two orthogonal electrical fields in the time domain were measured by DY and DX simultaneously. The normalized plots and calculations of (2) and (3) are plotted in Fig. 2(e) . The rectangular open dots and the dashed green line were, respectively, the experimental and theoretical values of E Y , and the circular open dots and solid red line were those of E X . The measured field peaks were coincident with the calculated results. In Fig. 2(f) , the polarized angle was calculated as α = arctan
from the orthogonal polarized components in Fig. 2(e) . The experimental (open circles) and theoretical (solid line) results agreed well, which verified the feasibility of the simultaneous measurements of THz polarization. Here, WG1 and WG2 were only used to optimize the orientation of the optical wave plates and were removed in the following measurements. The angle misalignment of polarizers WG1 and WG2 would result in the error orientations of the optical wave plates and cause the inaccurate polarization measurement of our detectors, which had influences on determining the measured results in our system. By contrast, the misalignment of WG between PM1 and PM2 did not impact the results because of our calibration method, as stated in the following part.
IV. DATA PROCESSING METHOD
The THz-TDSE records THz waveforms E(t) by varying the time delay between the pump and probe pulses. The THz pulse was Fourier-transformed to complex spectra asẼ(ω) = E(ω) · e iφ(ω) , where E(ω) was the amplitude spectrum and φ(ω) the phase spectrum of the pulse. To simplify the expressions, the equations below did not contain the angular frequency ω. The pand s-polarizations below were defined in the incident plane of the samples. Therefore, the measurements of p-and s-polarized components corresponded to the outputs of detectors DY and DX in Fig. 1(a) , respectively.
The ellipsometric parameters tan Ψ and Δ were defined as
wherer p (r s ) was the complex reflection coefficient of ppolarization (s-polarization),Ẽ rp (Ẽ rs ) the reflected electric (c) The normalized spectra calculated from the waveforms in Fig. 2(a) . (d) The normalized spectra calculated from the waveforms in Fig. 2(b) . (e) Normalized field peak along the x-and y-directions (open circles and squares) when rotating WG2 while WG1 polarized the field along the y-direction. Solid red and dashed green lines were theoretical results calculated using (2) and (3), respectively. (f) Relationship between the WG2 polarizer angle and the polarization angle in Fig. 2(e) .
field from the sample surface,Ẽ ip (Ẽ is ) the incident electric field on the sample surface, andρ the ratio ofr p tor s . If the surface roughness was negligible, the dielectric function of the bulk sample could be calculated as [30] follows:
where θ i was the incident angle of THz beam and˜ r the relative permittivity. In principle, a THz polarizer with a polarized angle of 45 • can result in equalẼ ip andẼ is . Therefore,r p / r s could be simplified asẼ rp /Ẽ rs . Thus, the THz-TDSE was self-referencing and obviated position misalignments.
To provide the best sensitivity for polarization changes, a pair of MWs in the reflection module were used to adjust the incident angle of the THz pulses to Brewster's angle of samples, as shown in the inset of Fig. 1(a) . The THz polarization angle was 45
• after polarizer WG. Reflected from the first MW, the p-and s-polarization components were denoted asẼ ip andẼ is , respectively. Unlike most THz-TDSE, the incident polarization state on the sample surface was unknown because the responses of the homemade MWs were very frequency dependent. The polarization responses of the two detectors could be expressed by Jones polarization-matrices [31] as follows:
whereĨ p(s) was the Fourier transformation of the differential signal andJ S the Jones matrix of the sample.P DY andP DX accounted for the frequency-dependent change in polarization reflected from the second MW and the difference in sensitivity between DY and DX. As is shown in Fig. 2(a) and (b), the two detectors had adequate extinction ratios. Therefore,P DY and P DX could be approximately expressed as [Ã 0] and [0B].
For an isotropic sample,J S could be written as [30] follows:
Therefore,Ĩ p andĨ s could be expressed as
Then, (4) could be rewritten as
For accurate measurements of ellipsometric parameters, many previous THz-TDSE systems relied on calibration algorithms to compensate for nonidealities in the optical components and misalignments of the polarization optics. In a conventional THz-TDSE with manual rotation of the polarization analyzer,ρ was highly sensitive to orientation accuracy. For example, a 0.5
• orientation error could propagate a 10.9% relative error [16] . The limited precision of polarization manipulations actually resulted in worse accuracy, although a regression algorithm was adapted [13] . Because there was no trouble about position accuracy in the reflection-type THz-TDSE, a flat metal-coated mirror could be used as a reference to calibrate the system response as in a usual THz-TDRS. The refractive index (λ = 250 μm) of aluminum (Al) is 531 + 689.7i [32] ; thus, Ψ and Δ of an Al mirror approaches π/4 and π in the 0.2-2.3 THz band. For the calibration, an Al mirror was placed on the sample holder in the reflection module shown in the inset of Fig. 1(a) , and the DY and DX detectors recorded the waveform reflected from the Al mirror with p-and s-polarization, respectively. The ratio of the Fourier transformations of the two orthogonally polarized waveforms yielded the frequency-dependent polarization responses ofĨ p andĨ s , which equaled the ratio of −Ã ·Ẽ ip toB ·Ẽ is in (10) . Calibrated by the flat Al mirror experimentally, the ellipsometric parameters of the samples were obtained from (10) . The calibration yielded accurate ellipsometric parameters with high tolerance for the imperfect polarizer extinction ratios and the nonideality of the polarization responses of the THz devices.
V. MEASURED OPTICAL CONSTANT OF P-DOPED SI
A highly p-doped silicon wafer with nominal resistivity of 0.01-0.05 Ω· cm at 300 K was used to demonstrate the capability of the THz-TDSE. The wafer was 3 in in diameter and 0.5 mm in thickness and did not transmit THz waves. Fig. 3(a) plots the simultaneously measured THz waveforms reflected from the Al mirror with orthogonal polarizations, which was used as the reference to calibrate the polarization response. Fig. 3(b) shows the p-and s-polarized THz waveforms reflected from the Si wafer. The complex spectra were acquired from the Fourier transformation of the THz waveforms and were labeled asĨ p = I p · e iφ p andĨ s = I s · e iφ s . Fig. 3 (c) and (d) plots the amplitude I p /I s and the phase spectra φ p − φ s of the polarization changesĨ p /Ĩ s after reflection from the Al mirror and Si wafer. The small error bars indicated a high signal-to-noise ratio for the simultaneous polarization measurements. The large frequency dependence in Fig. 3(c) originated from the homemade MWs. The frequency-dependent ellipsometric parameters of the Si wafer are shown in Fig. 4(a) . The advantage of the THz-TDSE was quantified by calibrating the polarization response once with the Al mirror and measuring the silicon wafer five times sequentially. The relative errors of tan Ψ are also present in Fig. 4(b) , which were the relative standard deviations. The magenta pentagrams were calculated from the simultaneous measurements of two orthogonal polarizations. The flicker noise of the system was greatly reduced, and the relative errors of the ellipsometric parameter tan Ψ were below 1% over the entire frequency range, because of the one-run detection of the two polarized components. We combined the waveforms with orthogonal polarizations in two consecutive measurements to mimic a normal THz-TDSE. For example, the THz waveform with p-polarization in the second measurement and that with s-polarization in the third one were grouped together to constitute a conventional measurement of the ellipsometric parameters. The green diamonds were from the eight nonsimultaneous measurements. Limited by the low dynamic range of the THz source in the high frequency range, the relative errors in the normal THz-TDSE increased quickly with frequency beyond 1 THz. The dynamic range of the p-and s-polarized THz waveforms was strongly correlated, as evidenced by their similar behavior. The same strong correlation enabled the simultaneous measurements to be effective for noise suppression. In Fig. 4(b) , the relative errors of tan Ψ from the simultaneous measurement was reduced by almost an order of magnitude, and the reliable spectra was extended to 2.3 THz, while the high-frequency range of THz spectra were limited to 1.5 THz in the nonsimultaneous measurement. It is also noticed that the relative errors from the simultaneous measurement were even smaller at higher frequencies of 1.8-2.2 THz, although the THz source noise increased. The simultaneous measurements of the orthogonally polarized waveforms in the THz-TDSE here significantly rejected the laser common-mode noise and extended the reliable data in the frequency range with a low-dynamic-range PCA THz source. This was a fundamental breakthrough for reflection-based measurements.
To verify the accuracy of the THz-TDSE measurement method, Fig. 4(c) and (d) shows the complex refractive index of the highly doped silicon wafer extracted from the ellipsometric parameters using (5) andñ = √˜ . The setup was transformed into a THz-TDRS when the polarizer WG between PM1 and PM2, as shown in Fig. 1(a) , was rotated from 45
• to the horizontal direction. The THz-TDSE results could, then, be compared to those from a THz-TDRS, where the relative positions between the Al mirror and the silicon wafer were adjusted by 5.4 μm by means of the Drude model to correct the inaccurate phase part [33] . And, it took more measurements to obtain the complex reflection coefficient from THz-TDRS, which ensured the accuracy of the results in the 0.2-2.3 THz band. The following parameters were obtained to fit the Drude model: electron effective mass m * = 0.26m 0 (m 0 is the electron mass), the dielectric constant of nondoped silicon Si = 11.6, the carrier density n = 4.6 × 10 18 cm −3 , and the scattering rate Γ = 7.3 × 10 13 s −1 . These values were reasonable relative to those previously reported for a highly doped silicon wafer [13] . With these values, the resistivity was calculated as ρ = nq 2 m * Γ , where q is the charge of an electron. The calculated resistivity was 0.015 Ω·cm, which agreed with the supplier's specifications. In Fig. 4(c) and (d) , the complex refractive index obtained from the THz-TDSE was consistent with that from the THz-TDRS, without concerns about position accuracy. Given the strong frequency dependence of the ellipsometric parameters for the reference and the sample, as shown in Fig. 3(c) and (d) , the accuracy of the complex refractive index demonstrated that the experimental calibration method had a high tolerance for component imperfection and nonideality. The simultaneous measurements of the two orthogonal polarizations in the THz-TDSE greatly enhanced the signal-to-noise ratio and extended the reliable THz spectra to 2.3 THz. However, there were small discrepancies in the real part n below 0.8 THz and a small displacement of the imaginary part κ for the measured frequency. The THz-TDSE determined the complex dielectric constant from the ratio of the complex amplitude reflection coefficients between p-and s-polarized waves. The nonidealities of the alignments and the optical components mixed different polarizations and caused the discrepancy shown in Fig. 4(c),(d) . For example, when checking the polarization-sensitivity of DX and DY using WG1 and WG2, two half-wave plates and the detection crystal need to be rotated to proper angles. Unfortunately, the orientation errors of the two polarizers introduced the deviation of the complex refractive index at low frequency [3] . Moreover, the crossover response of the DX (DY) detectors to the s-polarized (p-polarized) electric field introduced a similar situation. Furthermore, the MWs increased the complexity of the THz-TDSE and produced a large frequency dependence, although it was easy to place the sample in the reflection module. To improve the accuracy of the THz-TDSE, the ellipsometry should be designed as simple as possible, and a reliable calibrating algorithm should be adopted [13] , [16] .
VI. SUMMARY
New instrumentation and a new calibration procedure for the THz-TDSE was demonstrated. It was capable of simultaneously measuring two orthogonal components of reflected THz electric fields, with no need to rotate the polarizer. In the calibration, its response function was obtained via reflection by a flat metal mirror, which has been adapted in conventional TDRS and was used here for the first time without the concern of position accuracy. The calibration was used to obtain accurate ellipsometric parameters with high tolerance of imperfect polarizer extinction ratios and nonideal THz reflection and detection. In a demonstration, results were presented for an opaque, heavily-doped Si wafer. Simultaneous measurements on orthogonally polarized waveforms significantly rejected the common-mode noise from the laser by almost an order of magnitude and extended reliable THz spectra to 2.3 THz for the PCA THz source. This was a fundamental breakthrough for reflection-based measurements and would overcome the hurdle of phase uncertainty. With an advanced calibration algorithm and improved optical components, this new TDSE technique should be able to characterize the complex dielectric constants of opaque materials more accurately.
